Information on body shape has long been used in categorizing and monitoring obesity. Alongside abdominal circumferences, recent studies further emphasize the value of indices such as sagittal diameter adjusted for thigh girth in categorizing cardiovascular risk. Whole-body three-dimensional photonic scanning has rapidly emerged as a new technology for digital anthropometric measurement. Photonic scanners capture sophisticated raw data on body surface topography in a few seconds, from which extensive body shape information can be extracted using computer algorithms. Photonic scanning now has the potential to play a key role in (1) categorizing obesity (including childhood screening), (2) ranking abdominal size and shape in large-scale epidemiological studies, (3) monitoring individual patients to evaluate treatment efficacy and (4) estimating surface area for drug dosage calculations. New statistical modeling techniques offer the opportunity to develop novel parameters of body shape for linking with biological health outcomes. The low cost, accuracy, ease of use and high acceptability of the technique make it highly suitable for both research and clinical applications.
Background
Information about body size and shape has long been fundamental to both obesity research and clinical practice. The original categorization of obesity according to cutoffs for body mass index (BMI) 1 was effectively exploiting a crude index of body shape. BMI remains the bedrock of obesity classification, in both adults and children. 1, 2 However, BMI is highly correlated with both fat and lean mass, and hence cannot differentiate between them. In children of the same age and sex, for example, there is a twofold range of body fat for a given BMI value. 3 Several body girths, such as waist circumference or the waist-hip ratio, provide more detailed information about body shape. Interest in these outcomes derives from evidence associating them with risk of the metabolic syndrome. [4] [5] [6] Analysing data from over 27 000 adults distributed across 52 countries, Yusuf et al. 7 found that the risk of myocardial infarction in those of low BMI with high waist circumference was greater than in those of high BMI with low waist circumference. These associations imply that the health risks of obesity are disproportionately due to abdominal fatF visceral and deep subcutaneous fatFrather than peripheral subcutaneous fat located in the limbs. For example, visceral adipose tissue is most strongly associated with dyslipidaemia, dysglycaemia and indices of cardiovascular disease. [8] [9] [10] Studies have likewise demonstrated strong correlations between waist circumference and total abdominal fat, although the associations with visceral (internal) fat are slightly less strong. [11] [12] [13] However, the prognostic value of waist circumference, and shape in general, may not be mediated by internal adiposity alone and shape and BMI may both index risk.
Abdominal circumference measurements are now used increasingly in clinical practice, and public health campaigns have emphasized their importance.
14 Following reports that ethnic groups differ in the level of body fat for a given BMI value, 15, 16 ethnic-specific BMI and waist circumference cutoffs have been proposed for the categorization of obesity. 17, 18 The combination of BMI and waist circumference provides a simple but practical categorization of risk, capable of identifying a high level of central fat in those of normal or excess body weight. Increasing use of abdominal measurements is due not only to the assumption that they reflect abdominal fat mass, but also in large part to their convenience. Neither waist nor hip circumference is considered particularly invasive by most people, and most adults will be familiar with them in other contexts such as when purchasing clothing. Furthermore, discounting measurement error and effects of abdominal gas, any within-individual change in adult waist girth can be attributed primarily to altered adiposity, whereas weight or BMI change might reflect alterations in both fat and lean masses.
Nevertheless, abdominal girths remain a relatively simple approach to body shape. Over the last decade, a number of studies have explored more sophisticated indices, and contributed two further generic findings. First, whereas abdominal fat increases risk, thigh girth has been found to have a protective effect for both heart disease and type 2 diabetes. [19] [20] [21] Second, sagittal diameter has been found to be more strongly associated than waist circumference with visceral fat, 22, 23 and likewise more closely associated with risk of the metabolic syndrome. [24] [25] [26] [27] Collectively, these studies highlight an untapped potential of body shape indices to evaluate health status. Current approaches to assessing body shape could be improved further. Any body girth or diameter is in fact a onedimensional measurement, and only expresses shape information effectively when adjusted for a similar measurement of another anatomical region, such as height or hip girth. Body shape comprises a three-dimensional topographical landscape, and one-dimensional measurements fail to capture much of the available detail.
Photonic scanning
Three-dimensional modelling of body shape and topography has emerged independently in a number of branches of medical research, for example in the manufacture of prosthetics or in assessments of craniofacial normality. Rapid advances in photonic technology 28, 29 detailed information in the form of raw point cloud data, and then uses computerized algorithms to reconstruct surface topography. The technology is revolutionizing the categorization of clothing sizes, and the preparation of made-to-measure garments using robotic technology. 36 However, the potential contribution of whole-body photonic scanning to medical research and clinical practice remains relatively unappreciated. 37, 38 Figure 1 illustrates examples of currently available hardware. Whole-body photonic scanners are similar to large photo booths, comprising an array of cameras or light sensors surrounding a central space where the subject stands for a few seconds. Subjects are asked to wear close-fitting underwear, to ensure that clothing does not obscure the details of skin topography, and to stand still in a prespecified Whole-body three-dimensional photonic scanning JCK Wells et al stance. In some cases handles are provided to aid stance maintenance. Apart from the scanner, the only additional requirements are a screened space where the subject can dress and undress, and a computer area for operating the scanner.
The experience of large national sizing surveys already conducted in the UK, France, United States and Mexico provides abundant evidence that the vast majority of individuals 416 years are willing to undergo a whole-body scan and do not have undue concerns about the invasiveness of the process, or data security. 34, 35 Although similar studies have yet to be undertaken in younger age groups, it is unlikely that children and adolescents will experience problems with the technique. Pilot studies suggest nearcomplete acceptability in all age groups, provided that the child is capable of standing still for the scan period.
Shape modelling
In raw format, photonic body surface data exist as a point cloudFa series of unconnected data points distributed in three-dimensional space. To obtain information on body shape and dimensions, it is necessary to apply computerized algorithms, which reconnect these points and reconstruct the surface topography. Different mathematical approaches can be used for this purpose, including triangulation methods, spline curve-fitting and canonical representation models. Initial data processing cleans the point cloud by rejecting inconsistent data points arising from random reflections in the scanning booth. Current software incorporates automatic landmark identification, whereby algorithms automatically extract key anatomical locations. These are then used to guide an 'e-tape measure', which provides a large number of girths, depths and diameters, as well as the height above ground at which each measurement has been taken. Figure 2 illustrates the stages from raw point cloud data to e-tape measure output.
Visualization outputs represent a key component of the technology, enabling a variety of features to be displayed. It should be noted that photonic imaging does not produce outputs with the same image density as conventional photography. In conventional photography, the primary output is the outline or area of objects, and shape is inferred from light and shade cast over the surface topography. In three-dimensional photonic imaging, surface topography is explicitly captured rather than inferred, but at the cost of image density for any given plane. Outputs include silhouette, cleaned point cloud, smoothed surface and mesh formats, as well as horizontal transverse sections. Figure 3 demonstrates four visualization options, using data from the UK National Sizing Survey (SizeUK). The mesh format is particularly effective in demonstrating particular topographical features, whereas the silhouette (for example, front or side view) simplifies shape to express dimensions in a single plane. Body shape may be viewed from any plane or angle, allowing a vast number of shape properties and dimensions to be evaluated.
Of particular potential value is the capacity of photonic scanning to display within-person change over time. Images can be superimposed, in the same format as that used to illustrate modes of population variability in Figure 4 (see below). While such repeat scans allow numerical quantification of regional shape change (calculated as the volume of the difference), they may also prove of value in discussing response to diet, exercise or drug treatment with individual patients.
Conventionally, parameters of shape used in medical research and practice have been simple girths, mostly adopted directly from the context of clothes sizing. Large photonic datasets, such as those obtained in recent national surveys, allow novel statistical approaches to be developed, to identify a range of dimensions in which human shape varies. Each individual's reconstructed surface is first converted to a common format, using processes such as canonical sampling, template optimization or voxel representation. It can then be aligned using a Generalized Procrustes Alignment Procedure 39 to reduce any orientation error. This ensures that only variation in three-dimensional Whole-body three-dimensional photonic scanning JCK Wells et al shape is captured in subsequent statistical modeling processes. 31 Principal component analysis (PCA) is a popular statistical analysis method, used to capture the variation in human body shape using photonic scans. 40 However, principal component analysis assumes Gaussian distribution of the data, and the resulting modes of variation are mathematically distinct (uncorrelated) but not especially intuitive from a visual perspective. An alternative approach is Independent component analysis, which does not assume Gaussian distribution, and which can identify more distinct (independent) modes of variation. 31 Figure 4 illustrates four dimensions of variability in female shape using data from SizeUK. The images each superimpose, for front and side views, the variation in shape of individuals at 72 s.d. of the population range for each dimension. The first dimension reflects differences in overall size, the second reflects differences specifically in height and girth of the entire chest and abdomen, the third reflects differences in upper torso posture and the fourth differences in lower torso posture. Whole-body three-dimensional photonic scanning JCK Wells et al Such work allows the derivation of a broad set of new indices of body shape, with individuals being ranked in each dimension in s.d. score format. Simpler outputs such as abdominal volumes or cross-sectional areas can also be generated. Such shape outputs can then be explored as proxies for physiological markers of health and disease such as blood pressure, blood biochemistry and body fat distribution.
Validation studies
As with any technique, validation studies are essential to demonstrate accuracy and precision. Although manual anthropometric measurements might be assumed to represent the optimal reference method for this purpose, the two approaches are not directly equivalent. Whereas a hand-held tape measure presses on the skin, and hence slightly compresses the circumference being measured, photonic technology captures reflected light. Nevertheless, comparisons of manual and photonic data from mannequins indicate a very high degree of consistency. For example, in an evaluation of a Hamamatsu scanner, limb and torso body volumes of a mannequin either did not differ significantly between methods, or did differ significantly but by a very small mean proportion, such as 0.25 litres for total body volume. 33 Evaluating agreement in human subjects, the same study found intraclass correlations between methods of 40.99 in all cases for circumferences of the chest, waist, hip, thigh and knee. 33 Agreement between manual and photonic methods is influenced by two factorsFfirst, accuracy and precision of any measurement itself, and second the location at which the measurement is made. Imprecision is substantially poorer in manual than in photonic measurements. Both manual and automatic landmark location contribute to discrepancy in the measurement site. Agreement between manual measurements and automatically located photonic measurements was assessed in 1800 adults using a [TC] 2 scanner in the US National Sizing Survey. 35 The mean difference between techniques was 1.374.0 and 5.772.6 cm for waist and hip respectively. Despite such systematic bias, reflecting the problems discussed above, the two techniques were highly consistent in the ranking of individuals, with correlations between methods of 0.96 and 0.97 for waist and hip respectively. Such high correlations imply acceptability of the technique in epidemiological studies where the primary aim is to rank individuals. New software also allows manual manipulation of photonic landmark location. Further validation studies are required for assessing repeatability and accuracy of the diverse measurements that can be obtained from photonic scans. Attention must be given to posture, and the protocol for adopting and maintaining the stance during the measurement. Nevertheless, existing studies have already demonstrated high accuracy and precision of the method. Furthermore, photonic hardware is continually improving, with manufacturers addressing areas of poor data capture. For example, the current Hamamatsu scanner 33 captures around 20 times the quantity of raw photonic data of its predecessor. 32 Equally, automated software is rapidly advancing, due to substantial progress in computer modeling procedures.
Potential applications in the context of obesity
Photonic scanning has the potential to contribute in a number of ways to obesity research, and to clinical practice. One of the major benefits of the technique is that, like manual anthropometry, but unlike most body composition techniques such as DXA, MRI or CT, it is appropriate for widespread use in both contexts, facilitating the integration of research and clinical activities. The low cost, ease of use, high acceptability and low time requirement per subject make photonic technology an ideal methodology for large-scale anthropometric surveys, potentially including obesity screening. The success of several large national sizing surveys 34, 35 demonstrates the capacity of the technique to be applied to large numbers of individuals across the entire adult age range, and across the spectrum of ethnic variability. To date, such surveys have been conducted using on-site hardware, relocated between cities as required. The cost per photonic instrument has declined rapidly as commercial uptake of the technology has increased. Whole body photonic scanners could thus be installed in clinics, hospitals and health centres for routine clinical monitoring of body shape. Unlike more complex technologies such as MRI or CT, photonic assessment does not require specialized conditions or intensive technological support. Small mobile units could also be used to visit schools, clinics, sports centres or retail outlets. Such an approach significantly increases outreach in anthropometric surveys, and makes national screening for childhood obesity a viable proposition. Analyses of SizeUK revealed marked differences in the association of age with body shape between men and women. 34 Analyses of SizeUSA and SizeUK have further indicated significant trends between body shape and socioeconomic status and ethnicity. 35 These trends in shape show consistency with similar population distributions of cardiovascular risk. 41 Lin et al. 42 have demonstrated significant correlations between an index of abdominal shape extracted from photonic technology and markers for the metabolic syndrome in 3975 Taiwanese adults. However, further work is required to identify the optimum three-dimensional indices of surface shape for categorizing risk of morbidity and mortality in different ethnic groups. Given the high prevalence of obesity in both adults and children, and no sign that the epidemic is declining, The digital nature of photonic outputs also favours widespread clinical utilization. Specific regional areas of shape change, using the approach displayed in Figure 4 , can be displayed in colour format. This facility provides detailed information to the clinician on changes in cardiovascular risk, while also providing accurate evaluation of treatment response to the patient. Photonic data may also prove extremely valuable in estimating surface area, of use in drug dosage calculations. Traditionally, surface area is estimated from weight and height using published prediction equations. Optimum drug dosages in the paediatric obese population are particularly poorly understood. 43 With no physiological risk pertaining to repeat or longitudinal measurements, photonic scanning is furthermore ideal for following individuals throughout the life course. Information on body shape is of course personal, and data sets must be stored in a secure format. This issue can be addressed at several levels. These include the use of algorithms that only reconstruct body topography from the neck down, thus diminishing any likelihood of the recognition of individuals, and the use of similar technology as that used to protect privacy in other areas of computer technology, such as credit card security, in protecting raw databases.
Summary
Whole-body three-dimensional photonic scanning has emerged as a novel technique for imaging external body shape, with major potential to benefit both obesity research and the clinical evaluation and monitoring of patients. The technique is readily acceptable to individuals, low-cost and versatile, while also providing extremely sophisticated information on surface topography. The digital nature of the output makes it highly suitable for longitudinal monitoring, and it has already proved a powerful tool for anthropometric surveys. However, to realize the full potential of this technique, further work exploring associations between body shape and risk of morbidity and mortality is required.
